At the global scale, species diversity is known to strongly increase towards the equator for most taxa. According to theory, a higher resource specificity of consumers facilitates the coexistence of a larger number of species and has been suggested as an explanation for the latitudinal diversity gradient. However, only few studies support the predicted increase in specialisation or even showed opposite results. Surprisingly, analyses for detritivores are still missing. Therefore, we performed an analysis on the degree of trophic specialisation of dung beetles. We summarised 45 studies, covering the resource preferences of a total of 994503 individuals, to calculate the dung specificity in each study region. Our results highlighted a significant (4.3-fold) increase in the diversity of beetles attracted to vertebrate dung towards the equator. However, their resource specificity was low, unrelated to diversity and revealed a highly generalistic use of dung resources that remained similar along the latitudinal gradient.
INTRODUCTION
The latitudinal gradient, particularly the pronounced increase in plant and animal diversity towards the equator, has fascinated biologists for a long time (Darwin 1859; Wallace 1878) and is still a popular research topic (Hillebrand 2004; LaManna et al. 2017; Roslin et al. 2017) . A predicted increase in specialisation towards the tropics has been suggested as an explanation of the high diversity found there (MacArthur 1972) . Consequently, for a given resource spectrum, a higher resource partitioning in the tropics could contribute to reduce interspecific competition, and a larger resource spectrum in the tropics may additionally increase this trend. Yet, only a few analyses of trophic or mutualistic interactions have revealed such a trend (Olesen & Jordano 2002; Dyer et al. 2007; Peguero et al. 2017) . On the contrary, specialisation of pollinators and frugivores (Schleuning et al. 2012) , and bark beetles (Beaver 1979 ) on their host plants decreases towards the equator, and the high specialisation level of herbivores and host-parasitoid networks remains similar along the latitudinal gradient (Novotny et al. 2006; Morris et al. 2014; Forister et al. 2015) .
At the base of every food web, decomposers process organic material and provide a nutritional basis for higher trophic levels. Although plant litter is abundant, but comparably poor in nutrient quality for consumers, animal carcasses or dungalthough representing already processed food -are high quality resources, with high levels of all essential nutrients such as amino acids, fatty acids and sterols (Enser et al. 1996; Carter et al. 2007; Frank et al. 2017a) . Consequently, competition among detritivores for carcasses and dung can be pronounced, an important prerequisite for niche differentiation among competing species. Yet, there are no assessments of global specialisation patterns for detritivores on their resources.
Dung beetles (Scarabaeoidea part.) are known to use a wide range of dung types among a few other resources such as carcasses, humus and fungi. However, most species feed on vertebrate dung as their main resource (Hanski & Cambefort 1991) . These beetles are almost ubiquitous in all climatic zones, including hot spots with over 80 sympatric species in tropical forests and savannahs (Hanski & Cambefort 1991; Davis 2000; Feer & Hingrat 2005; Barragan et al. 2011) . Hence, we focused on the coprophagous groups of this cosmopolitan superfamily of insects, which evolved a detritivorous lifestyle over a hundred million years ago (Krell 2006; Philips 2011) , to conduct a meta-analyses of their resource specificity. We compiled data sets from across the globe on the distribution of dung beetles occurring on two or more vertebrate dung types to quantify the extent of dung partitioning across beetle species, as a potential mechanism fostering coexistence and thus diversity. We assessed trends in species diversity and dung type specialisation along the latitudinal gradient and with increasing altitude. Although highly specialised tropical dung beetle species exist, often utilising resources other than vertebrate faeces and differentiated in several other niche dimensions, the global analysis for beetle communities captured with commonly available mammalian dung revealed a highly generalistic use of dung resources. This study highlights findings contrary to classical niche theory and fills a gap in current knowledge of detritivores as a basic trophic level.
MATERIAL AND METHODS
We assembled data sets from the literature that included dung beetles trapped by or surveyed from two or more types of dung in the same study area. Most surveys of dung beetle diversity include only a single type of dung, hence could not be used to quantify dung-resource specialisation. For the comparability of the dung-resource specificity, we excluded carrion and vegetable matter as resources in seven studies. We required studies that provided the total abundance of each dung beetle species on each dung type, which excluded studies that pooled species at the genus level, or where abundances were only summarised across dung types. For studies that sampled within different habitats (i.e. forests and grasslands), but with the same dung types, we conducted separate analyses for each habitat to avoid pooling habitat-specific dung beetle communities. In total, we found 34 papers published between 1966 and 2017 that fit our criteria. In addition, we also included 11 of our own unpublished data sets. All data sets including geographic coordinates, the total number beetle species, and the degree of specialisation (see below) are summarised in Table S1 ; additional information for separate subsets of the data (habitats) is also included therein.
Data analysis
For improved comparability and to account for variation in sampling and total abundance among the studies, we calculated rarefied diversity (based on 100 permutations), as the studies showed variation in sampling effort, beetle density, and consequently, the total number of individuals collected. Unlike species richness, the Shannon diversity H 0 has the advantage to account for evenness in species abundance (while being closer to richness in uneven assemblages than Simpson's); its exponential form (e H 0 ) converts the index to an 'effective' number of species which is equivalent to the richness of equally common species (Jost 2006) . We also computed raw richness (unweighted for abundance) for comparison (Fig. S2 ). We set a minimum value of 100 individuals for rarefaction. In seven networks (from four studies, see Table S1 ), the number of individuals was below this threshold and so the non-rarefied effective Shannon diversity was used for these networks.
As a measure of complementary specialisation in networks, that is, the degree of resource partitioning across dung beetle species, the standardised two-dimensional Shannon entropy uthgen et al. 2006) was calculated for the beetle species 9 dung type matrix with number of individual beetles as cell entries. The minimum (H 2 0 = 0) is defined for the case where each of the dung beetle species is utilising different dung types in similar proportions (e.g., cow 70%, horse 30%), whereas the maximum level (H 2 0 = 1) is reached if all dung types are used as exclusively as possible by different beetle species. Such minimum and maximum H 2 0 for each network were defined by heuristically re-distributing the beetle individuals across dung types to the highest and lowest entropy possible after fixing the marginal totals of the matrix. Hence, the total abundance of each beetle species and the total number of beetle individuals per dung type are maintained for this standardised method, facilitating comparisons across networks that vary in number of species and individuals. In a null model based on the Patefield's algorithm, also based on fixed marginal totals, the individuals were randomly distributed 10 5 times, showing that in 90% of the networks, H 2 0 was significantly higher than random (Table S1) We also quantified the relative attractiveness of dung types, standardised for each network as N i /N max , where N i is the total number of beetle individuals recorded on dung type i and N max the maximum number of beetles found for any dung type in this network. In the same way, we quantified the relative number of species attracted as S i /S max , with S i being the beetle species richness for dung type i and S max the maximum richness for any dung type in this network. Note that there is no 'standard' dung or methodology across all studies, which limits the comparability, as each dung type is evaluated in a variable context of other dung types offered in the same study. Nevertheless, this analysis should be useful for understanding the role of different dung types across the data sets. We thus tested whether these parameters change along the latitudinal gradient for five of the most attractive dung types with the largest number of sampled beetles: human, wildebeest, donkey, sheep and pig.
We used a linear mixed effects model to test for effects on a latitudinal gradient, accounting for potential linear and quadratic effects of altitude. We thus employed altitude, altitude 2 and absolute latitude as fixed factors. To account for nonindependence of data within studies providing multiple networks from the same region, we used the region(s) of each study (geographic coordinates) as a random factor. We used this model structure to test the following response variables: resource specificity (H 2 0 ), rarefied effective Shannon diversity (e Data analyses were conducted with the statistical software R 3.3.2 (R Core Team 2016). For community analyses (species richness, Shannon diversity), we used the R package 'vegan' (Oksanen et al. 2007 ).
RESULTS
A total of 116 dung beetle networks from 45 studies used in this analysis covered 6 continents and 28 countries, ranging from 60°N to 34°S and 151°E to 103°W (Fig. 1, Table 1 ) with a high density of studies in Central Europe (Fig. 1b) . As expected, the diversity of dung beetles (rarefied effective Shannon diversity e H 0 ) significantly increased towards the tropics (Table 2) , with a 4.3-fold increase from the highest latitude (60.7°) to the equator (Fig. 2a and S2 ). Altitude did not have a significant effect on beetle diversity across the studies used for this analysis, although some studies reported a decrease in dung beetles trapped with a single dung type with increasing altitude within a region, for example Escobar et al. (2005) and Lobo et al. (2007) (Table 2) .
Dung beetle-resource specificity (H 2 0 ) was relatively low (0.23 AE 0.17, range). This high level of generalisation remained constant with latitude as well as with altitude (Table 2 ). Moreover, variation in H 2 0 was unrelated to the (rarefied) Shannon diversity (F 1,41 = 0.16, P = 0.696 (Fig. 2b) . Neither the number of dung types used in a study nor the number of feeding guilds of dung producers (carnivores, omnivores and herbivores) had a significant effect on H 2 0 (Fig. S3) .
Across the different studies, human dung attracted the highest number of beetle individuals, followed by faeces from several herbivorous (wildebeest, donkey, sheep and cattle) or omnivorous large mammals (pig and wild boar). Among carnivorous mammals, lion and lynx faeces had an intermediate attractiveness, whereas dung from puma, wolf, and bear were much less attractive (Fig. 3a) . Most of the more attractive dung types also attracted the largest number of species (Fig. 3b) . Variation in standardised attractiveness and species richness was highly significant across dung types (N i /N max : F 19, 286 = 4.3, P < 0.0001; S i /S max : F 19,286 = 15.0, P < 0.0001; focusing on 20 dung types that were each represented in at least five networks). Yet, most of the focal dung types attract a largely representative spectrum of beetle species in similar proportions, resulting in relatively low specialisation levels (d i 0 ) (Fig. 3c ) that were similar across dung types (F 19,286 = 1.1, P = 0.31). Additionally, all parameters (attractiveness, richness and d i 0 ) remained similar along the latitudinal and altitudinal gradients for each of the four dung types used in at least 10 regions (all P ≥ 0.30), except for an increase in N i /N max for sheep dung with latitude (F 1,12 = 11.6, P = 0.005) ( Figure S1 ).
DISCUSSION
The latitudinal gradient for species diversity and interactionspecificity is subject of ongoing research and comparative approaches (Beaver 1979; Dyer et al. 2007; Schleuning et al. 2012; LaManna et al. 2017) . Here, we analysed, for the first time and on a global scale, the resource specificity of dung beetles. These important detritivores, present in all climatic zones, are key biological indicators in monitoring programmes (Scholtz et al. 2009) , and are of vital importance for many ecosystem functions and services (Nichols et al. 2008; Beynon et al. 2015) . Previous studies on dung beetle diet specialisation (e.g., Philips 2011; Whipple & Hoback 2012; Bogoni and Hernandez, 2014) have been regionally restricted, resulting in contradictory results, whereas our study combines data sets across the globe based on a unified analytical approach, allowing the resource specificity of this group of detritivorous insects to be quantified and compared across larger scales.
We found dung beetle interaction networks differing widely in their degree of specialisation (0.01 ≤ H 2 0 ≤ 0.76), but found no evidence for an increase in specialisation towards the equator ( Figs. 1 and 2 ). Dung beetles may be expected to be generalists in higher latitudes due to the low diversity of dung available to specialise on. The low specialisation in the tropics may highlight the beetles' ability to opportunistically respond to available resources, as becoming a specialist can incur trade-offs. Studies on dung beetles differ greatly in their sampling approach and particularly in the dung types used. Likewise, studies across the globe cover substantially different habitats and biomes, resulting in different dung beetle communities and variable resource specificities. Our analysis was confined to studies that used at least two different dung types, which is a relatively small subset of published dung beetle studies. The dung types analysed included livestock, wild animals, exotic (i.e., non-native) dung types and ranged from commonly used cow and human dung to faeces of the region-specific mammalian fauna. Cow and human dung are often used as standard dung types as they are thought to attract a large part of the dung beetle fauna (Hanski & Cambefort 1991; Whipple & Hoback 2012; Marsh et al. 2013) , which was confirmed in our analysis (Fig. 3) . Including dung from non-native animals and/or livestock might bias the analysis towards relatively opportunistic, generalist species. However, the diversity of dung types used for this analysis had no effect on the degree of specialisation, and native dung did not attract a more specific beetle fauna than other dung types (Fig. 3) .
This study corroborates the commonly held assumption that most adult dung beetles are opportunistic and generalised, using a broad range of vertebrate dung types, yet trophic preferences of larvae of certain dung beetle species need to be examined more closely in further approaches as they can differ from adult preferences and become more specialised (Hanski & Cambefort 1991 ). We did not look at specialisation of dung beetles beyond vertebrate dung, but we acknowledge that there are dung beetle species that are highly specialised on particular types of dung such as sloth faeces (Young 1981) , marsupial dung or other food items, such as millipede carcasses (Schmitt et al. 2004) , or, rarely, vertebrate carrion (Larsen et al. 2006; Scholtz et al. 2009 ). For future studies, it may also be fruitful to investigate how such specialisation and carrion use vary across the beetles' phylogeny and mirror evolutionary shifts from ancestral saprophagy associated with changes in the shape of mandibles (Hanski & Cambefort 1991; Philips 2011) .
Dung beetle-resource specificity did not change with altitude. All studies included in the analysis were conducted below 2000 m a.s.l. (except Martinez & Suarez 2006 at 2600 m a.s.l.). The occurrence of dung beetles is driven firstly by the spatial distribution of dung producing mammals, and secondly, by the climatic conditions which constrains all ectothermic insects (Kuhn 2010; Bogoni et al. 2016 ). Thus, the major drivers of altitudinal limitations in dung beetle occurrence are the thermal conditions and altitudinal shifts in vegetation affecting the diversity of mammals the dung beetles rely on. Theory suggests that specialisation on resources provides niche partitioning and thus potentially enhances coexistence and species diversity (McKane et al. 2002) . However, we found dung beetle communities with high diversity but a low degree of resource specificity (Tshikae et al. 2008, 67 species, H 2 0 = 0.12), and communities with low diversity but with high specificity (Hewavithana et al. 2016, 22 species, H 2 0 = 0.41). Across the gradient in dung beetle diversity, the degree of specialisation was similar (Fig 2b) . This suggests that niche dimensions other than resource selectivity may be important to facilitate the coexistence of dung beetle species. These might be temporal patterns, such as variation in seasonal activity periods and day/ night differentiation (Hanski & Cambefort 1991) or differences in dung discovery speed (Jacobs et al. 2008) . Moreover, spatial partitioning into different (micro-) habitats (Hanski & Cambefort 1991; Mehrabi et al. 2014 ) may promote coexistence of species despite using similar resource types. Such niche differentiation in space, time and/or environmental conditions, for example vertical resource stratification due to arboreal mammals or ephemeral dung provided by migrating mammals, may increase towards the tropics and is likely to be particularly pronounced in more diverse mammal faunas. However, global trends of such niche dimensions remain to be tested.
Given that dung beetle species within a community show pronounced overlap in utilisation of dung resources, higher beetle diversity may improve functional complementarity and redundancy within a community (Finke & Snyder 2008) , resulting in increases in the rates, stability and resilience of ecosystem functions and services provided by dung beetles.
CONCLUSION
We quantified the beetles' dung-resource specificity (i.e., the degree of specialisation in trophic networks characterised by the distribution of beetle species among dung types) across a large sample of all available studies using two or more dung types. Yet, many tropical regions such as the Amazonian basin are still missing in such a comparison of dung beetle-resource specificity. The analysis confirms a highly generalistic use of dung by dung beetle communities, at a comparable level as reported for generalised frugivores or nectar-seeking ants (Bl€ uthgen et al. 2007 ), regardless of latitude or altitude. Additionally, we found no correlation between dung beetle specificity and dung beetle diversity. Although competition across beetle species for dung resources can be severe, and different life-history strategies exist to rapidly utilise and monopolise portions of dung piles, increased specialisation does not provide an explanation why so many dung beetle species coexist in a given habitat. This analysis is a first step to acquire global patterns for the most basal, trophic level, possibly stimulating global comparisons of other detritivorous systems.
